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Title: PHASE DEMODULATOR, PHASE DIFFERENCE DETECTOR/ 
AND INTERFEROMETRIC SYSTEM USING THE PHASE DIFFERENCE 
DETECTOR 

BACKGROUND OF THE INVENTION 
1. Field of the Invention 

The invention relates to a phase demodulator, a phase 
difference detector and an interf erometric system using 
the phase difference detector in which phase-modulated 
signals are transformed into amplitude-modulated 
signals for real-time measurement. 
2 • Description of the Related Art 

A phase demodulator is used to demodulate 
phase-modulated signals, and is widely employed in the 
fields of communication, data transmission and 
interf erometry . A conventional phase demodulator can 
include a phase- sensitive detector and a phase-locked 
loop for demodulation purposes. Alternatively, the 
output of a zero-crossing circuit for 
frequency-modulated signals can be fed to a counter so 
as to detect frequency counts (f s ) for a test signal, 
from which the frequency counts (f r ) for a reference 
signal is subtracted to obtain a frequency difference 

( A f) , i.e. Af=f s ~fr- Phase change is then detected with 
the use of an integrating circuit . Furthermore, a digital 
phase comparator can be employed to measure the phase 
difference between test and reference signals . A voltage 
signal is then outputted according to the magnitude of 
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the output of the phase comparator. In the aforesaid 
conventional methods, phase difference, and thus the 
measured phase, is obtained by comparing test and 
reference signals using analog or digital means. 
5 On the other hand, in the field of interf erometry , 

phase changes are generally measured on the bases of 
light wavelength and optical interference in order to 
measure displacement, angle, length, vibration and 
other physical properties. Lasers are used as light 

10 sources for such interferometers. It is noted that 
changes in environmental conditions, such as 
temperature, can reduce the accuracy of phase 
measurement by optical interferometers. It has been 
proposed heretofore to construct optical 

15 interferometers with a common path configuration in 
order to minimize background noise due to environmental 
disturbance during operation thereof, 
SUMMARY OF THE INVENTION 

One object of the present invention is to provide 

20 a novel phase demodulator that transforms 
phase-modulated signals into amplitude-modulated 
signals. Real-time and highly-sensitive phase 
measurement is then performed by measuring the magnitude 
of the amplitude-modulated signals. 

25 Another ob j ect of the present invention is to provide 

a real-time phase difference detector, wherein optical 
signals from a laser interferometer are processed by 
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a differential amplifier to generate an 
amplitude-modulated output signal for fast response and 
accuracy. 

Still another object of the present invention is to 
5 provide a high-precision non-contacting polarized 
optical interf erometric system using the real-time 
phase difference detector, wherein increasing or 
decreasing direction of phase change can be detected 
and accurately indicated. 
10 According to a first aspect of this invention, a phase 

demodulator is used for measuring a phase difference 

between a phase-modulated test signal I 8 (&t)= 
2k 1 cos ( 60 t+ (p s ) and a phase-modulated reference signal 
I r ( 60 t) =2ic 2 cos ( 60 t+ (]) r ) . The test and reference signals 
15 have fixed carrier frequencies ( 60 ). The phase 

difference ( A 0 ) is equal to ( <ji 8 - <p r ) . The phase 

demodulator comprises : 

an amplitude control device for adjusting amplitudes 
of the test and reference signals to satisfy the 
20 condition k 1 =k 2 =k; 

a differential amplifier, coupled to the amplitude 
control device, for receiving amplitude-adjusted test 
and reference signals from the amplitude control device, 
for obtaining an intensity difference between the 
25 amplitude-adjusted test and reference signals, and for 
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amplifying the intensity difference to generate an 
amplitude-modulated output I 0 ut(&>t) equal to 

| 4 r fcsin (%A (j) ) | sin (60 t) , where 7 is the gain of the 

differential amplifier; and 
5 a signal processing device including an amplitude 

demodulator coupled to the differential amplifier, the 
amplitude demodulator demodulating the amplitude- 
modulated output from the differential amplifier to 
obtain an output that is related to the phase difference 

10 (A0). 

According to a second aspect of this invention, a 
phase difference detector is adapted for use with a 
polarized optical interferometer that generates two 
mutually orthogonal linear or circular polarized 

15 optical signals, at least one of which is incident upon 
a test obj ect , The optical signals have equal intensities 
and carrier frequencies, and are processed to obtain 
two electrical signals that are a function of frequency, 
time, and phase difference. The phase difference 

20 detector comprises: 

a differential amplifier adapted to receive the 
electrical signals, to obtain an intensity difference 
between the electrical signals, and to amplify the 
intensity difference to generate an amplitude- 

25 modulated output that is a function of a phase difference 
between the electrical signals; and 
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a signal processing device including an amplitude 
demodulator coupled to the differential amplifier, the 
amplitude demodulator demodulating the amplitude- 
modulated output from the differential amplifier to 
5 obtain an output that is related to the phase difference . 

According to a third aspect of this invention, an 
interf erometric system comprises: 

a coherent light source; 

an interferometer for separating light from the light 
10 source into a signal beam and a reference beam, each 
)*f of which includes two mutually orthogonal linear 

O polarized components, the signal and reference beams 

III having a beat frequency therebetween, at least one of 

5 the components of the signal beam being incident upon 

15 a test object, the signal and reference beams being 
W combined and then separated into two mutually orthogonal 

5 ass 

W linear polarized optical heterodyned signals that have 

fl equal intensities and equal carrier frequencies and that 

are a function of the beat frequency, time, and phase 
20 difference between the linear polarized components; 

photo detecting means for converting the optical 
heterodyned signals into two electrical signals; 

a differential amplifier coupled to the photo 
detecting means so as to receive the electrical signals 
25 therefrom, the differential amplifier obtaining an 
intensity difference between the electrical signals, 
and amplifying the intensity difference to generate an 
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amplitude-modulated output that is a function of a phase 
difference between the optical heterodyned signals ; and 
a signal processing device including an amplitude 
demodulator coupled to the differential amplifier, the 
5 amplitude demodulator demodulating the amplitude- 
modulated output from the differential amplifier to 
obtain an output that is related to the phase difference . 

According to a fourth aspect of this invention, an 
interf erometric system comprises : 

10 a coherent light source; 

an interferometer for separating light from the light 
source into a signal beam and a reference beam, each 
of which includes two mutually orthogonal linear 
polarized components, the linear polarized components 

15 of the signal and reference beams having a beat frequency 
therebetween, at least one of the components of the 
signal beam being incident upon a test obj ect , the signal 
and reference beams being converted into two optical 
heterodyned signals that have equal intensities and 

20 carrier frequencies and that are a function of the beat 
frequency, time, and phase difference between the 
mutually orthogonal linear polarized components; 

photo detecting means for converting the optical 
heterodyned signals into two electrical signals ; 

25 a differential amplifier coupled to the photo 

detecting means so as to receive the electrical signals 
therefrom, the differential amplifier obtaining an 
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intensity difference between the electrical signals, 
and amplifying the intensity difference to generate an 
amplitude-modulated output that is a function of a phase 
difference between the optical heterodyned signals ; and 
5 a signal processing device including an amplitude 

demodulator coupled to the differential amplifier, the 
amplitude demodulator demodulating the amplitude- 
modulated output from the differential amplifier to 
obtain an output that is related to the phase difference . 

10 BRIEF DESCRIPTION OF THE DRAWINGS 

Other features and advantages of the present 
invention will become apparent in the following detailed 
description of the preferred embodiments with reference 
to the accompanying drawings, of which: 

15 Figure 1 is a block diagram illustrating the preferred 

embodiment of a phase demodulator according to the 
present invention ; 

Figure 2 is a schematic diagram illustrating the 
preferred embodiment of an interf erometric system 

20 according to the present invention; 

Figure 3 is a schematic diagram illustrating another 
preferred embodiment of an inter f erometric system 
according to the present invention; 

Figure 4 illustrates the effect of a polarization 

25 analyzer used in the embodiment of Figure 3 on P-wave 
and S-wave components of a light beam; 
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Figure 5 illustrates a modification of the 
interf erometric system of Figure 2; 

Figure 6 illustrates a modification of the 
interf erometric system of Figure 3; 
5 Figure 7 illustrates a modification of the 

interf erometric system of Figure 5; 

Figure 8 illustrates yet another preferred 
embodiment of an interf erometric system according to 
the present invention; and 
^ 10 Figure 9 is a plot of experimental results obtained 

with the use of the interf erometric system of Figure 
2 . 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Before the present invention is described in greater 
15 detail , it should be noted that like elements are denoted 
by the same reference numerals throughout the 
disclosure . 

Referring to Figure 1, in the preferred embodiment 
of a phase demodulator according to the present invention, 

20 phase-modulated test signal I s (ajt)= DC + 2JciCos ( do t+ 

0 S ) (Equation 1) and phase-modulated reference signal 

Jjt( CO t) =DC + 2Jc 2 cos ( 6t) t+ 0 r ) (Equation 2) are passed 

respectively through two band-pass filters (BPF) 10, 
11, whose center frequencies are set at a fixed carrier 

25 frequency {&)) , for filtering ♦ {k lf k 2 ) are the amplitudes 

of the phase-modulated test and reference signals, 



9 



L 69 8 1802 7 



respectively. ( 0 s , 0 r ) are the phases of the 
phase-modulated test and reference signals, 
respectively. The outputs of the filters 10, 11, namely 

j s ( t)=2ic 2 cos( co t+ 0 s ) (Equation 3) and J r ( CO 

t) =2Jc 2 cos ( 60 t+ 0 r ) (Equation 4), are then fed to an 
amplitude control device. In this embodiment, the 
amplitude control device includes two automatic gain 
control (AGC) units 12, 13, which process the test and 
reference signals such that the latter have equal 
amplitudes, i.e. Jc 2 = k 2 = k. In other words, by the 
processing of the AGC units 12 , 13 , the phase-modulated 

test signal I s becomes I s ( 60 t) =2Jccos ( CO t+ 0 s ) (Equation 
5) , whereas the phase-modulated reference signal I r 
becomes J r ( 60 t) = 2iccos( co t+ 0 r ) (Equation 6) . By 

introducing a phase shift %{ 0 s + 0 r) / the 
phase-modulated test and reference signals I Sr I r can 
be represented by I s { co t) =2kcos [ 60 t +^ ( ^ s - ^ r ) ] 
(Equation 7) and T r ( CO t) =2Jccos [ ^ ( $^ s - ] (Equation 

8) . Although the phase shift %(0 s +0 r ) is an unknown 
term, it can be treated as a time-dependent phase 
shifting of the origin of the phase coordinates . As such, 
the above phase shift in the phase coordinate of the 
phase-modulated test and reference signals J s ,J r does 
not introduce any physical change in the phase difference 
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A^=^ s -^r of the output signal from the succeeding 
differential amplifier stage. 

The amplitude-adjusted test and reference signals 
from the AGC units 12, 13, which have equal carrier 
5 frequencies and equal amplitudes, are fed to a 
differential amplifier 14. The differential amplifier 
14 obtains an intensity difference between the 
amplitude-adjusted test and reference signals, and 
amplifies the intensity difference to generate an 

10 amplitude-modulated (AM) output J 0 ut(^t) = 

I 4 r ksin (MA 0 ) I sin(^t) (Equation 9), where A^=^ s - 
0 r , and 7 is the gain of the differential amplifier 

14. At this time, the phase difference ( A ^ ) can be 

detected by a signal processing device 15, such as a 
15 digital voltmeter (DVM) or a personal computer (PC) , 

by the relation of A ^ =2 sin" 1 ( I I ou t\ /4 7 k) (Equation 10) . 

When IA^I<10°, sin(x) is approximately equal to (x) , 

and the amplitude-modulated output I ou t(^t) from the 
differential amplifier 14 becomes 
20 J out ( 60 t) =|2 j k (A ^^Isin ( 60 t) ... Equation 11 

Because the phase difference (A <fi) is proportional to 

the magnitude of the amplitude-modulated output loutkco 
t) , the phase-modulated (PM) input signals are thus 
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transformed into an amplitude-modulated (AM) signal. 
A novel PM/AM transformation is thus proposed. An 
amplitude demodulator 150 of the signal processing 
device 15 can thereby detect the phase difference 

( A <fi ) in real-time to dramatically improve the 

measurement response speed and accuracy. In addition, 

because the phase signal I sin {% A 0)\ to be detected is 

amplified by 4 y k times , and because the phase difference 

( A <fi ) can be obtained in view of the relation in Equation 

10, the phase measuring sensitivity is dramatically 
improved at the same time. 

Preferably, the signal processing device 15 includes 
a phase comparator 151 . The phase comparator 151 compares 
the amplitude-adjusted test and reference signals from 
the AGC units 12, 13 so as to determine the sign of the 

phase difference (A 0) inrealtime, thereby determining 

an increasing or decreasing direction of the phase 

difference (A 0) . The signal processing device 15 can 

further include a digital counter 152. As such, when 

the phase difference is represented as A 0=2n%'+5 r where 

n is an integer, and 5 is between 0 and rr , the counter 

152 can record n pulse signals from the amplitude- 
demodulator output, and the signal processing device 
15 can measure the phase difference (5) from the 
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magnitude 1 4 y Jcsin (^5)1 of the amplitude-modulated 
output. The variables (n, 5) define the phase difference 
(A 0) , thereby extending the range of measurable phase 
change . 

5 Moreover, in case the phase difference I A 0 I is less 

than 10°; the magnitude of the amplitude-modulated 
output T out from the differential amplifier 14 is 

|2yk(A^)l, and the signal processing device 15 can 

be configured to include a feedback loop 153 capable 
10 of generating a control signal that corresponds to the 

phase difference (A^) for phase-difference nulling 

purposes. In addition, the signal processing device 15 
can further include a differentiator circuit 154 for 
time differentiation of the amplitude-modulated output 
15 T out from the differential amplifier 14, i.e. 

d/dt I 2 r * ( A *2f ) 1=2 y k d/dt (A ^)=2r^ s . As such, real 

time measurement of the instantaneous signal frequency 

( co s) can be performed for frequency demodulation 

purposes with a measurement sensitivity of as high as 

20 2 y k times, and with a dramatically improved measurement 

response . 

By introducing a preset bias (A 0 o) r the amplitude- 
modulated output from the differential amplifier 14 can 
be represented as I out ( 60 t) = I 4 y Jcsin% ( A ^ + A <fi o) I 
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sin(^t) , where (A <fio) has a fixed value between 0 and 

7f . When the preset bias (A^o) is equal to ^Az , iJoutl 

has a center of symmetry with respect to the preset bias 

(A <po) such that a change in the amplitude of |X 0 utl can 

5 indicate the increasing or decreasing direction of 

change in the phase difference (A^). 

Referring to Figure 2, in the preferred embodiment 
of an interf erometric system according to this invention, 
the phase difference detector of Figure 1 is integrated 
10 with a polarized optical common path interferometer that 
processes optical signals. As shown, polarized light 
from a coherent light source 20, such as a 
single-frequency linear-polarized stabilized He-Ne 
laser, passes through a polarization angle adjusting 

15 device 21, such as a A /2 plate, for adj usting the azimuth 

angle . A beam splitter 231 then separates the light into 
a signal beam Li to be directed to a test object 90, 
and a reference beam L 2 . 

The signal beam Lx and the reference beam L 2 are 
20 processed by a respective frequency modulator 241 , 242 . 

In this embodiment, each of the frequency modulators 
241, 242 is an acousto-optic modulator (AOM) . Each of 
the frequency modulators 241, 242 is driven by a 
corresponding driver 251, 252 such that the frequency 

25 of the signal beam Li is adjusted to and such that 
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the frequency of the reference beam L 2 is adjusted to 
6o 2 - l n other words, a beat frequency (A&O is formed 
after the light is split into two. It is apparent to 
those skilled in the art that an electro-optic modulator 
5 or other state-of-the-art devices can be used as the 
frequency modulator instead of the acousto-opt ic 
modulator of this embodiment. 

The signal beam L a further passes through a beam 
splitter 232 and a polarized beam splitter 261 so as 

10 to be separated into linear polarized Pi and Si components 
whose electromagnetic field oscillations are mutually 
orthogonal. At least one of the Pi and S x components 
is incident upon and is reflected by the test object 
90. In this embodiment, the Pi component is incident 

15 upon and is reflected by the test object 90, whereas 
the Si component is incident upon and is reflected by 
a planar mirror 272. The reflected Pi and S x components 
pass once again through the polarized beam splitter 261 
before being directed by the beam splitter 232 to a beam 

20 splitter 233 . 

The reference beam L 2 from the frequency modulator 
242 is reflected by a mirror 271 such that mutually 
orthogonal linear polarized P 2 and S 2 components thereof 
can be combined with the Pi and Si components at the 

25 beam splitter 233. The output of the beam splitter 233 
is received by a polarized beam splitter 262 so as to 
generate mutually orthogonal linear polarized P-wave 
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(i.e. Pi+P 2 ) and S~ wave (i.e. S x +S 2 ) optical heterodyned 
signals. The P-wave and S-wave optical heterodyned 
signals are detected by a respective photo detector 281 , 
282 for conversion into a corresponding electrical 
5 signal output. The electrical signal outputs from the 
photo detectors 281, 282 are provided to a respective 
bandpass filter (BPF) 291, 292, whose center frequency 

is A 60= 60 1-602, so as to obtain filtered heterodyned 
signals with a fixed frequency, as defined in the 
O 10 following Equations (12) and (13) : 

-LP1+P2 ( A 60 t) =2j I P1 I P2 COS ( A 60 t+A 0p) (12) 

Sips? 

U Isi+S2 (A60t) =2 N 1 I sl I S2 COB ( A 60 t+ A 0s) (13) 

ui 

^ A differential amplifier 30 receives the filtered 

■U heterodyned signals, obtains an intensity difference 

^ 15 between the filtered heterodyned signals , and amplifies 

jj the intensity difference to generate an output. The 

2 output of the differential amplifier 30 is defined in 

the following Equation (14): 

J out (A<W) = 7 Hpi+p 2 ( A 60 t) -Jsi +S2 ( A 60 t) ] (14) 

20 In Equations (12) to (14), (J PI , I P2 ) are the 

intensities of the linear polarized Pi and P 2 components , 
{I S i ,Is2) are the intensities of the linear polarized 
Si and S 2 components , A ^is the phase difference between 

the linear polarized P x and P 2 components, A ^ is the 
25 phase difference between the linear polarized Si and 



S 2 components, A 60 is the beat frequency of the 

heterodyned signals, and 7 is the gain of the 
differential amplifier 30. 

By adjusting the azimuth angle ( 9 ) of the 
polarization angle adjusting device 21 such that 
jlsils2= >/XpiXp2=-fC/ Equations (12) and (13) can be 
rewritten as follows: 

Ipi+p 2 ( A 60t) =2Kcos ( A 60t+A <pp) (15) 

Isi+S2( A tot) =2Koas {A 60 t+A 0 s) (16) 

In addition, by introducing a phase shift 34(A 0p+ 

A 0 s) in the phase coordinate of Equations (15) and (16), 
the following Equations (17) and (18) can be obtained: 
Ipi+p2 (Atot) =2 itcos [ A 60 t+% ( A 0p-A 0s)] (17) 

Isi+S2( A 60 t) =2Kcos [ A 60 t-% (A 0p- A 0 s) ] (18) 

As mentioned hereinbefore, the above phase shift in 
the phase coordinate does not introduce any physical 
change in the phase difference of the output signal from 
the succeeding differential amplifier stage. 

Thus, in view of the foregoing, the output of the 
differential amplifier 30 can be rewritten as follows: 

Tout (A cot) =|4 7 Ksin(%A 0 ) I sin ( A 60 t) ...... Equation 19 

where A 0=0 p- 0 s, and is the phase difference between 
the P-wave and S-wave heterodyned signals, and 
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I 4 7 Ksin (% A ^ ) I is the amplitude of the amplifier output . 

It is evident from Equation (19) that the output 

Iouti A 60 t) of the differential amplifier 30 is an 

amplitude-modulated signal with a carrier frequency 

5 A Ct)=<*)i- 6O2. (60 1,61)2) are the driving frequencies of the 

frequency modulators 241, 242 of the Mach-Zender 
interferometer . 

In the present embodiment , a signal processing device 
31 includes an amplitude demodulator (AD) 310 to measure 

j.!: 10 the amplitude 1 4 7 Ksin [y& A ^) I of the amplifier output 

s p T out (A^t) in real-time. The phase difference is 

jif then obtained in the following manner: A 0 

p =2 sin" 1 [ I J 0 ut I /4 7 K] . 

U When the reference mirror is displaced along the 

3 15 optical axis until |J ou tl ^ s maximized, I Tout I m will be 
equal to 4 7 K. The output of the amplitude demodulator 

310 at this time is A0= 2 sin" 1 [ | I out | / | I out | m ] . When 
displacement of the test object 90 occurs, a phase shift 
will occur in the phase difference (A 0 p) . This phase 
20 shift will be indicated as a change in the amplitude 
of the final |T ou tl output. 

It should be apparent to those skilled in the art 
that the interf erometric system of this embodiment can 
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be modified by interchanging the Pi and Si components, 
i.e. the Si component is incident upon and is reflected 
by the test object 90, whereas the Pi component is 
incident upon and is reflected by the planar mirror 272 . 
When measuring relative movement or vibration of 
different positions of a rotary plate or a magnetic disk 
drive, the Pi and Si components can be configured to 
be incident upon and to be reflected by different 
portions of the test object. Moreover, the light source 
can be one that generates two mutually orthogonal 
circular polarized components for conducting 
measurement . 

In the present embodiment, the interf erometr ic 
system includes a phase difference detector formed from 
the differential amplifier 30 and the signal processing 
device 31. In the field of interferometer measurement, 
the differential amplifier is generally used only for 
reducing common noise present in two heterodyned signals . 
However, according to this invention, the differential 
amplifier 3 0 is used not only for reducing common noise 
present in two heterodyned signals, but also for 
opto-electric conversion processing such that the phase 

difference (A ^ = A ^p-A <fi s ) * which is obtained from 
Equations (12) and (13) , can be directly manifested in 
the f ormof an amplitude-modulated electric signal . With 
the amplitude demodulator 310 of the signal processing 
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device 31, the phase difference (A 0) can be obtained 

from the amplitude of the differential amplifier output , 
thereby resulting in a remarkable increase in detection 
sensitivity and sensing speed. Moreover, when the phase 

difference (A 0) is relatively small, in view of the 

mathematical relation sin(x) is approximately equal to 
(x) , representation of the amplitude of the differential 
amplifier output can be further simplified as follows: 

I J ou tl = l4 T Ksin(^A 0)\ = 12 r KA 0\ Equation 2 0 

According to Equation (20) , the measured 

amplitude-modulated signal 2 j K A <fi is directly 

proportional to the phase difference ( A <fi ) • The 

measuring sensitivity is 2 y K times of the phase 

difference ( A <fi ) , which is much higher than that 

obtained in the prior art. 

With the inclusion of a feedback loop (FL) 32, a 
control signal corresponding to the phase difference 

(A 0) can be generated for adjusting the position of 

the planar mirror 272, thereby adjusting the optical 
path of the S x component. As such, the phase difference 

( A 0 ) can be maintained within a narrow range that 

encompasses an initial phase difference value {Affo) 
for phase nulling purposes. With the initial phase 
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difference value (A 0o) set to zero, the magnitude of 

the amplifier output and the phase difference ( A 0) have 

a linear relationship, the slope of which is equal to 

27K. As such, real-time measurement of small phase 

differences can be conducted. 

In the present embodiment, (A 0) is the phase 

difference between the P-wave and S-wave heterodyned 
signals, which come respectively from a test point and 
a reference point that introduce a relative phase change 
or a relative angle due to a physical property, such 
as temperature, refractive index, electromagnetic 
field, etc. By employing the simple, fast and very 
familiar amplitude demodulation technology, the phase 

difference (A^) can be determined within a short amount 

of time such that the corresponding physical property 
can be measured accordingly . The interf eromet ric system 
of this invention is thus suitable for real-time 
measurement of displacement, angle, length, speed, 
vibration, etc . , and for application in optical sensors . 

It is apparent to those skilled in the art that the 
present invention can be further applied in the real-time 
measurement and control of small displacements between 
two points, small angles, and small changes in measured 
physical properties . By incorporating a differentiator 
circuit 33 in the signal processing device 31, the 
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amplifier output can be differentiated over time, i.e. 
d/dt I Joutl =2 7 K d/dt ( A 0 ) such that the change of phase 
over time d/dt ( A 0 ) can be quickly obtained. Because 

the Doppler frequency shift (<y D ) is a measure of the 

5 instantaneous change in phase and is equal to 

d/dt (A 0), the Doppler frequency shift (&> D ) can thus 

be measured from the magnitude of the 
amplitude-modulated output with a sensitivity of 

27-FCtimes. This makes it possible to conduct real-time 

10 measurement of small vibrations on a test surface. 
According to the disclosure of the present invention, 
not only is it possible to conduct real-time measurement 
of vibrations and displacement, by incorporating the 
feedback loop for generating control signals according 

15 to the measured phase difference, it is also possible 
to lock-in on preset starting phase conditions for 
application in the relevant fields. 

From the foregoing, because the amplitude of the 
amplitude-modulated output is a sine function of the 

20 phase difference , i . e . | T out | = | 4 y Ksin (MA </> ) j , when the 

test object introduces a relatively large phase change, 

the phase difference (A^) can be represented as 

2n^ + 5, where n is an integer, and 5 is between 0 and 

7T . The signal processing device 31 can be additionally 
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provided with a digital counter 312 for recording 22 pulse 
signals, such that the phase (5) can be calculated from 

the amplitude 4 7 Ksin(^5) by virtue of the relation 

5=2sin _1 ( I lout \ /4 7 K) . In view of the variables (n, 5), 

5 not only can the system of this invention make effective 
measurement of a relatively large range of phase changes , 
the rate of phase change can also be determined through 
the use of a differentiator circuit in order to measure 
speed, vibration and other physical quantities. 
10 Preferably, the signal processing device 31 further 

includes a phase comparator 311, which receives the 
filtered heterodyned signals from the band pass filters 
291, 292, for determining a sign of the phase difference 

(A 0) so as to determine an increasing or decreasing 

15 direction of the phase difference (A <fi) . 

Moreover, because the position of the planar mirror 
272 can be adjusted with the use of the control signal 
generated by the feedback loop 32 so as to adjust the 
optical path of the Si component, the phase difference 
20 between the P-wave and S-wave heterodyned signals can 

be preset to A 0 (t = 0)= A Under this condition, the 
amplifier output can be rewritten as Tout ( A t) = 
I 4 7 Ksin ( A ^ + A ^0) I sin ( A 60 t) . ( A can be set to 

between 0 and n , so as to obtain the phase signal 
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(A $2* (t) ) . 

Referring to Figure 3, aside from using the 
single-frequency He-Ne laser, the light source 40 in 
the interf erometric system of this invention can be one 
that generates two mutually orthogonal linear polarized 
light components, i.e. P-wave and S-wave, at two 
different frequencies . One example of the two- frequency 
light source is a Zeeman laser . Abeam splitter 431 splits 
the light from the light source 40 into a reference beam 
(P 2 + S 2 ) and a signal beam (Pi+Si) . The P 2 and S 2 components 
of the reference beam, which are mutually orthogonal 
and which do not interfere with each other, are passed 
through a polarization analyzer (PA) 422, thereby 
enabling the P 2 and S 2 components to interfere with each 
other along a polarizing direction of the polarization 
analyzer 422 to result in a reference optical heterodyned 
signal, as best shown in Figure 4. A photo detector 482 
converts the reference optical heterodyned signal into 
a corresponding electrical signal, which is filtered 
by a band pass filter (BPF) 492, whose center frequency 

is A&>=&>p-6Js. The output of the band pass filter 492 
is provided to a differential amplifier 50 . On the other 
hand, a polarized beam splitter 461 splits the signal 
beam into its mutually orthogonal linear polarized Pi 
and Si components. In this embodiment, the Pi component 
is configured to be incident upon and to be reflected 
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by a test object 91, whereas the Si component is 
configured to be incident upon and to be reflected by 
a planar mirror 471. The reflected Pi and Si components 
are recombined by the polarized beam splitter 461, and 
5 the path of the resulting combined signal beam is changed 
with the use of a beam splitter 432* The Pi and Si 
components of the signal beam, which are mutually 
orthogonal and which do not interfere with each other, 
are subsequently passed through a polarization analyzer 
10 (PA) 421, thereby enabling the Pi and S x components to 

[fl interfere with each other along a polarizing direction 

of the polarization analyzer 421 to result in a test 

;P optical heterodyned signal, A photo detector 481 

W converts the test optical heterodyned signal from the 

15 polarization analyzer 421 into a corresponding 

|T§ electrical signal, which is filtered by a band pass 

l f i filter (BPF) 491, whose center frequency is 1\60-60p- 

M (Vs. The output of the band pass filter 491 is provided 

to the differential amplifier 50 . The heterodyned signal 
20 for the signal beam is indicated as follows: 

( A <o t) =ipi +S i ( A oo t) 

J P2 J S isin2 6 s cos( A6)t+A 0 B ± s ) ... Equation 2 1 

where 0 S is the azimuth angle of the polarization 

analyzer 421 for the signal beam; A ^ S ig= ^ pi~ 0 si and is 
25 the phase difference between the Pi and Si components; 
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60 = 60 p- 60s, and is the beat frequency formed from the 
frequency ( cop ) of the Pi component and the frequency 

( 60s) of the Si component ; and ( I P1/ I S i) are the intensities 

of the Pi and Si components, respectively. 

Accordingly, the heterodyned signal for the 
reference beam is indicated as follows: 

Iref ( A 60 t) =Ip 2 +S2 ( A 60 t) 

=V I P2 Is2B±n2 6 r cos( A 60 t+ A ^ref) »■ Equation 22 

where 6 r is the azimuth angle of the polarization 

analyzer 422 for the reference beam; A 0 ref= 0 P2~ 0 S2 and 
is the phase difference between the P 2 and S 2 components; 
A 60= 60p- 60s, and is the beat frequency formed from the 

frequency ( 60p) of the P 2 component and the frequency 

{60s) of the S 2 component ; and {I P2 ,I S 2) are the intensities 
of the P 2 and S 2 components, respectively. 

Preferably, the azimuth angles 0 s and 6 r of the 

polarization analyzers 421, 422 for the signal and 
reference beams are adjustable so as to satisfy the 

condition y/ I P1 I sl sin2 9 s = / I P2 Is2sin2 0 r = 2 % . At this 

time, Equations (21) and (22) can be rewritten as 
follows : 

Isigi A 60 t) =Xpi + si ( A 60 t) =2 X cos( A 60 t+ A 0sig) - Eq . 23 
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I ref ( A 6) t) ~Ip2+S2 ( A <jl) t) =2 % COS( A <jl> t + A 0 ref) — Eq . 24 

In addition, by introducing a phase shift M ( A 

A ^^/) , Equations (23) and (24) can be rewritten as 
follows : 

5 I s ig { A G) t) =2 % COS [ A 60t+% ( A 0 sig- A 0ref) 1 -» Eq . 25 

J re f (A6)t)=2j cos [A6)t-^(A jtf A ^ re f ) ] ... Eq . 2 6 

In view of the foregoing, the output of the 
differential amplifier 50 can be written as follows: 

I out { A 60 t) = T [X sig ( A 6J t) - J r ef ( A 60 t) ] 

10 = I 4 r Zsin(^A ^ ) I sin ( A ^ t) Equation 27 

where A jtf = A 0 S ig~ A ^ re f/ and is the phase difference 

between the reference and signal beams, and y is the 
gain of the differential amplifier 50. As mentioned 
hereinbefore, the phase shift in the phase coordinate 
15 in Equations (23) and (24) does not result in a change 

in the phase difference A 0 = A 0 3 ± g - A 0 ref in the 

amplitude-modulated output signal from the 
differential amplifier 50. 

Moreover, the interf erometric system of this 
20 embodiment can further include a feedback loop 52 to 
generate a control signal that corresponds to the phase 

difference ( A gf ) and that can be used to adjust the 

position of the planar mirror 471. As such, the optical 
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path of the Si component can be adjusted so that the 
initial phase difference between the (Pi+Si) test 
heterodyned signal and the (P2 + S2) reference heterodyned 

signal can be set to A (ft (t=0) = A Under this condition, 

the output of the differential amplifier 50 can be 
rewritten as follows: 

J ou t( A 6>t)= 14 r X sin %{ A ^ + A 0 0 ) I sin (A COt)... Eq. 2 8 

By setting (A^o) to between 0 and n , the change 

in the phase signal A 0 (t) can be determined with 

(A <fi 0) as a bias setting such that the increasing or 
decreasing direction of phase change can be observed. 

Furthermore, when the phase difference between the 
(P1 + S1) test heterodyned signal and the (P 2 +S 2 ) reference 

heterodyned signal satisfies the condition sin(^A 

^)=(MA^), J ou t( A 6>t) = |2 7 X ( A $2f)lsin( A tut) , and the 
amplitude of the differential amplifier output 
Jout(A^yt) is 27 x times of the phase difference. 

Like the previous embodiment, a phase comparator 511 
receives the outputs of the band pass filters 491, 492, 
and determines the sign of the phase difference 

( A 00 ) so as to determine the direction of change in 
the position of the test object 91. Moreover, when the 
phase difference ( A ^ ) between the (P1 + S1) test 
heterodyned signal and the (P 2 + S 2 ) reference heterodyned 
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signal is n& + 5, where n is an integer, and 5 is between 

0 and & 9 the signal processing device 51 can further 

include a counter 512 for recording n pulse signals from 
the amplitude-demodulator output, such that the phase 
5 difference (5) can be calculated from the amplitude 

| Tout | = I 4 r X sin (1*6) I or 5=2sin~ 1 ( | I out | /4 y % ) . In view 
of the variables (n, 5), the phase measurement range 
can be extended. 

Finally, as with the previous embodiment, an 
10 amplitude demodulator (AD) 510 of the signal processing 
device 51 detects the amplitude of the differential 
amplifier output with enhanced detecting speed and 
sensitivity. 

Figure 5 illustrates another preferred embodiment 
15 of an interf erometric system according to this invention . 
Unlike the embodiment of Figure 2, after the signal beam 
Li has been processed by the frequency modulator 241, 
a polarizing beam splitter 263 will split the signal 
beam Li into the mutually orthogonal linear polarized 
20 Pi and Si components. The Pi and S x components are fed 
in opposite directions into a ring-type optical path 
unit , which serves as the test obj ect . In this embodiment , 
the ring-type optical path unit includes three planar 
mirrors 273, 274, 275 which reflect the Pi and Si 
25 components at right angles and which cooperate to form 
a ring-shaped optical path for the transmission of the 
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Pi and Si components in opposite directions. The P a and 
Si components are subsequently recombined in the 
polarizing beam splitter 263. 

Like the embodiment of Figure 2 , the P 2 and S 2 
5 components of the reference beam are combined with the 
P x and Si components of the signal beam at the beam splitter 
233. The output of the beam splitter 233 is received 
by a polarized beam splitter 262 so as to generate 
mutually orthogonal linear polarized P-wave (i.e. P x -fP 2 ) 

10 and S-wave (i.e. Si+S 2 ) heterodyned signals. When the 
ring-type optical path unit rotates, the optical paths 
of the Pi and S 2 components change, thereby resulting 
in a corresponding change in the detected phase. The 
construction as such is known as a common path ring 

15 interferometer used to measure rotation or changes in 
the environment of the interferometer, such as 
electromagnetic field, etc. 

As with the embodiment of Figure 2, the P-wave and 
S-wave heterodyned signals from the polarized beam 

20 splitter 262 are detected by a respective photo detector 
281, 282 for conversion into a corresponding electrical 
signal output. The electrical signal outputs from the 
photo detectors 281, 282 are provided to a respective 
band pass filter 291, 292. A differential amplifier 30 

25 receives the filtered outputs from the band pass filters 
291, 292, obtains an intensity difference between the 
filtered outputs, and amplifies the intensity 
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difference. The output of the differential amplifier 
30 is as defined in the following Equation (29) : 

lout (A^/ L )=i478sin(^A ^)lsin(A^t) Equation 29 

where ©=J* I P1 I sl =i/ I P 2ls2 and is the intensity of the 

5 P- wave and S -wave heterodyned signals, (Ipi,Isi) and (I P2 , 
J 52 ) are the intensities of P-wave and S-wave components 
in the signal channel and the reference channel of the 

interferometer, respectively, and (A (fi) is the phase 

change introduced to the P x and Si components by the 

■L 10 ring-type optical path unit . When |A^|<10°, Equation 

IB 

G (29) can be rewritten as follows: 

W I out ( A &> t) =12 r © ( A 0) Isin ( A 60 t) Equation (30) 

i ~-h 

w From the foregoing, it is evident that the amplitude 

53 of the differential amplifier output is proportional 

fs* 15 to the measured phase difference. Like the embodiment 

l T. t 

m of Figure 2, by incorporating a feedback loop for 

generating a control signal that corresponds to the 
measured phase difference, nulling of the phase 
difference can be performed so as to achieve accurate 
20 control of the phase change. In addition, the detecting 

sensitivity is 2^6 times of the phase difference. 

Figure 6 illustrates yet another preferred 
embodiment of an interf erometric system according to 
this invention. Unlike the embodiment of Figure 3, the 
25 (Pi+Si) signal beam from the beam splitter 431 is passed 
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through a polarizing beam splitter 462 so as to split 
the same into the mutually orthogonal linear polarized 
Pi and Si components. The Pi and Si components are then 
fed in opposite directions into a ring-type optical path 
5 unit , which serves as a test obj ect . In this embodiment , 

the ring-type optical path unit includes three planar 
mirrors 472, 473, 474 which reflect the P x and Si 
components at right angles and which cooperate to form 
a ring-shaped optical path for the transmission of the 
10 Pi and Si components in opposite directions. The Pi and 
Si components are subsequently recombined in the 

Hi; 

;Sj polarizing beam splitter 462. 

;j Like the embodiment of Figure 3, the Pi and S x 

W components of the signal beam, which are of mutually 

15 orthogonal polarization and which do not interfere with 
each other, are subsequently passed through a 
polarization analyzer 421, thereby enabling the P x and 

•.KJr. 

j«* Si components to interfere with each other along a 

polarizing direction of the polarization analyzer 421 

20 to result in a test heterodyned signal. Thus, when the 
ring-type optical path unit rotates, the optical paths 
of the Pi and Si components change, thereby resulting 
in a corresponding change in the detected phase. The 
construction as such is known as a two- frequency 

25 polarized ring interferometer. 

As with the embodiment of Figure 3, photo detectors 
481, 482 convert the optical heterodyned signals from 
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the polarization analyzers 421 , 422 into corresponding 
electrical signals, which are filtered by two band pass 
filters 491, 492, respectively. The outputs of the band 
pass filters 491, 492 are provided to a differential 
5 amplifier 50. The output of the differential amplifier 
50 is as defined in the following Equation (31) : 

lout ( A <W) = I 4 7 r sin (MA 0 ) I sin ( A t) ... Equation 31 

where T =A I P1 I S isin2 0 SX / I P2 Is2 sin2 0 rt as defined in 
the embodiment of Figure 3, and is the intensity of the 
O 10 heterodyned Pi+Si wave and P 2 + S 2 wave heterodyned signals . 

(A 0) is the phase change introduced to the Pi and Si 
components by the ring-type optical path unit. When 
|A^|<10°, Equation (31) can be rewritten as follows : 

I ou t(A&t)= 12 r r ( A 0) I sin ( A CO t) Equation 3 2 

15 From the foregoing, it is evident that the amplitude 

of the differential amplifier output is proportional 
to the measured phase difference. Like the embodiment 
of Figure 3, by incorporating a feedback loop for 
generating a control signal that corresponds to the 
20 measured phase difference, the interf erometric system 
can be implemented as an optical rotation sensor. At 
the same time, nulling of the phase difference is 
possible for accurate control of the phase change. 
Figure 7 illustrates still another preferred 
25 embodiment of an interf erometric system according to 
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the present invention. Unlike the embodiment of Figure 
5 , whichuses a three-mirror ring-type optical pathunit , 
the optical path unit of the present embodiment is a 
polarization maintain single mode optical fiber unit 
5 60. The interf erometric system is thus a fiber optical 
ring interferometer suitable for use in real time 
measurement of angular rotation and electromagnetic 
field intensity and in optical sensor control . 

The phase difference detector of the present 
10 invention can be further applied to a Michelson 
interferometer. As shown in Figure 8, linear polarized 
light from a light source 70, such as a single- frequency 
linear polarized stabilized He-Ne laser, is passed 
through a polarization angle adjusting device 71, such 

15 as a A /2 plate, for adjusting the azimuth angle. A beam 

splitter 731 then separates the light into a (Pi+Si) 
signal beam and a (P 2 +S 2 ) reference beam. 

The (Pi + Sx) signal beam is received by a polarized 
beam splitter 761 to separate the same into mutually 

20 orthogonal linear polarized P x and Si components that 
are fed in opposite directions into a polarization 
maintain single mode optical fiber unit 60. The Pi and 
Si components are subsequently recombined in the 
polarized beam splitter 761, and are reflected by a 

25 mirror 772 to a beam splitter 732. 

The (P 2 +S 2 ) reference beam is incident upon and is 
reflected by a constant - speed moving mirror 771 such 
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that a Doppler frequency shift is introduced into the 
frequency of the reference beam due to movement of the 
mirror 771. When the moving speed of the mirror 771 is 

fixed at (v 0 ) , a beat frequency ( A 60 ) will be presented 

5 in both the P 2 and S 2 components and is equal to 

(4 71 I X ) v 0 =2 ( 6O0/C) v G . The beat frequency ( A 60 ) is the 

Doppler frequency attributed to the constant-speed 
movement of the mirror 771, The reference beam is 
combined with the signal beam at the beam splitter 732 . 

0 10 The output of the beam splitter 732 is received by a 

01 polarized beam splitter 762 so as to generate mutually 

a*ra 

s £ orthogonal linear polarized P-wave (i.e. Px+P 2 ) and 

S-wave (i.e. Si+S 2 ) optical heterodyned signals. The 
P-wave and S-wave optical heterodyned signals are 
15 detected by a respective photo detector 781, 782 for 
conversion into a corresponding electrical signal 
output. The electrical signal outputs from the photo 
detectors 781, 782 are provided respectively to two band 
pass filters 791, 792, whose center frequency is 

20 A^, so as to obtain filtered heterodyned signals with 

a fixed frequency A , as defined in the following 
Equations (33) and (34) : 

tpi+P2 ( A 60 t) =2^ J PI J P2 cos (2kAl ( f) +A 0p) Eq. (33) 

Isi+S2 ( A 60 t) =2 J IsiIs 2 OOS (2kAl(f) +A fts) Eq. (34) 

25 
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where k=2 n I A , and A 2 is the difference in the path 

lengths of the signal and reference beams. By adjusting 
the azimuth angle of the polarization angle adjusting 

device 71 such that J Isi^s2= 4 i pi i p2= P / and by introducing 

5 a phase shift %(A 0p+A <fis) in the phase coordinate for 

the reason described hereinabove, Equations (33) and 
(34) can be rewritten as follows: 

Ipi+p2 lA&t) = 2 1 JI P1 I P2 oqs [2k A l(t)+% ( A 0p- A 0 s) ] 

= 2 p cos ( A 60 t+% A 0 ) Equation (35) 

10 Isi+s2 ( A 60 t) =2 JI sl I S2 cos [2k A l(t)-H ( A 0p- A 0 s) ] 

= 2pcos(A^f+^A ^) Equation (36) 

A differential amplifier 80 receives the filtered 
heterodyned signals from the band pass filters 791, 792, 
obtains an intensity difference between the filtered 
15 heterodyned signals, and amplifies the intensity 
difference. The output of the differential amplifier 
80 is as defined in the following Equation (37) : 

Tout ( A 60 t) = T Hpi+P2 ( A 60 t) - Isi+S2 iA60t)] 

= I 4 7 psin(^A ^)lsin(A^t) Equation 3 7 

20 In Equations (35) to (37), (I P i,Ip 2 ) are the 

intensities of the Pi and P 2 components, (I S i,Is2) are 

the intensities of the Si and S 2 components, (A 0 p) is 

the phase difference between the Pi and P 2 components, 
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{A 0s) is the phase difference between the Si and S 2 
components, ( A CO ) is the beat frequency of the 
heterodyned signals, y is the gain of the differential 

amplifier 80, and A ^ = A <fi P - A <fi St and is the phase 

5 difference between the P-wave and S-wave heterodyned 
signals . 

It is evident from Equation (37) that the amplifier 
output I out ( A CO t) is an amplitude-modulated signal with 

a carrier frequency A CO . 

10 In the present embodiment , a signal processing device 

81 includes an amplitude demodulator (AD) 810 for 

measuring the amplitude |4 7 p sin(^ A ^ )| of the 

differential amplifier output, thus permitting the 

calculation of the phase difference (A <fi) in a manner 

15 similar to that of the previous embodiment. Moreover, 

when |A^|<10°, the amplifier output can be further 

simplified as I out ( A co t) = \ 2 ? p ( A 0 ) \ sin ( A 60 t) . 

Accordingly, the measured amplitude-modulated signal 

is proportional to the phase difference (A^). Thus, 

20 with the use of the signal processing device 81, the 

phase difference {A0) can be precisely measured . Also , 

with the inclusion of a feedback loop that generates 
a control signal corresponding to the phase difference 
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(A 0) for phase difference nulling purposes, precise 
control of the phase change is possible. In addition, 
the range of phase measurement can be extended with the 
use of a digital counter and a phase comparator in a 
5 manner similar to that described beforehand. 
Furthermore, the detecting sensitivity is 2 y p times 
(A 0) , which is much higher than that obtained in the 
prior art . 

Figure 9 is a plot illustrating the real-time 

10 measurement of phase difference (A 0) with the use of 
the interf erometric system of Figure 2 . The test object 
is a planar mirror driven by a piezoelectric transducer . 
The Pi and Si components of the signal beam are incident 
upon and are reflected by a mirror and the test object, 

15 respectively. The position of the planar mirror of the 
P x reflecting surface is adjusted, and the amplitude 
of the modulation signal from the differential amplifier 
was measured in real-time. The observed results match 
the theoretical results defined in Equation (19) . This 

20 proves the utility and the sensitivity of the phase 
measuring method of this invention. 

In passing, it is worthwhile to note that the 
above-described concept of this invention is also 
applicable to single or two- frequency light sources that 

25 generate mutually orthogonal circular or elliptical 
polarized components, albeit with a slight modification 
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in the specific construction of the interferometer to 
achieve the above-stated results. 

It has thus been shown that the present invention 
involves a relatively simple construction, has a 
5 relatively fast response, and a higher phase detecting 

sensitivity as compared to the prior art. 

While the present invention has been described in 
connection with what is considered the most practical 
and preferred embodiments, it is understood that this 
10 invention is not limited to the disclosed embodiments 

O but is intended to cover various arrangements included 

m within the spirit and scope of the broadest 

J: interpretation so as to encompass all such modifications 

»'i.?S. 

i '-. 

jTj and equivalent arrangements. 

- ^..ir 



